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Facioscapulohumeral muscular dystrophy (FSHD) is caused by dele­
tions of 3.3-kb tandemly repeated units contained within a large poly­
morphic EcoRI fragment close to the telomere of chromosome 4q. 
Since the rearrangements were assumed to interfere with the structure 
or function of the putative FSHD gene, the gene search was focused on 
cosmids containing these repeat units and, in addition, cosmids span­
ning 75 kb of upstream sequences. cDNA selection hybridization was 
applied to four overlapping cosmid clones, yielding a total of 150 pu­
tative cDNA clones. These clones showed a random distribution across 
the cosmid contig, except for three regions which contained a much 
larger number of clones. Nine cDNA clones hybridized to a 2,2-kb EcoRI 
fragment, located 22 kb centromeric to the 3.3-kb repeated units. This
2.2-kb fragment showed evolutionary conservation, and analysis of the 
sequence by “ GRAIL” predicted the presence of several exons. Tran­
scripts homologous to this fragment could be identified but none of 
them originated from the 4q35 locus. Strikingly, most clones revealed 
4-10 homologous loci, and no single copy clones could be isolated. 
These findings are in line with earlier observations by fluorescent in situ 
hybridization (FISH) showing hybridization of individual cosmid clones 
to multiple chromosomes. The presence of homologous regions on 
other chromosomes seriously complicates the cloning of the FSHD 
gene. © 1995 John Wiley & Sons, Inc.
Key words: facioscapulohumeral muscular dystrophy (FSHD) • chromo­
some 4qter • subtelomeric region • cDNA selection • positional cloning
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F ac io scap u lo h u m era l  m uscu la r  dystrophy (FSHD) 
is a n e u ro m u s c u la r  d i s o rd e r  initially characterized  
by  progress ive  w eakness  o f  the  muscles of the  face, 
sh o u ld e rs ,  an d  u p p e r  a r m s .7,8 T h e  gene  was local­
ized  to c h ro m o so m e  4 q 3 5 ,16,21 5 cM distal to the 
l in k a g e  g r o u p  4 cen  . . . D 4 S 1 7 1 - F 1 1 - D 4 S 1 8 7 -  
D 4 S 1 6 3 -D 4 S 1 3 9 .13,17,22 Subsequen tly ,  the FSH D
g e n e  re g io n  was f u r t h e r  r e f in e d  by the  detection o f  
d e  novo  D N A  r e a r r a n g e m e n t s  w ith in  a h igh ly  
p o ly m o rp h ic  EcoR I  f r a g m e n t  u s in g  p rob e  p l 3 E - l  1 
(D 4F104S1).9,18,20,23 T h e s e  x 'earrangements  were  
s h o w n  to b e  de le t ions  o f  an  in teg ra l  n u m b e r  o f
3 .3 -kb  tan d em ly  r e p e a te d  u n i t s .19,25 Several copies 
o f  th i s  3 .3 - k b  r e p e a t e d  u n i t  h a v e  b e e n  s e ­
q u e n c e d .5,26 Despite  th e  p re se n c e  o f  a large o p e n  
r e a d i n g  f r a m e  c o n t a i n i n g  a d o u b l e  h o m e o -  
b o x  m o t i f ,5 no  ev idence  cou ld  b e  obtained  th a t  th e  
c o m p le te  FS H D  g en e  res ides  with in  these repeats .
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Therefore, the search for the FSHD gene was 
focused on a much larger area around the deletion 
region. Unfortunately, the region just telomeric of 
the repeats seems to be unclonable, probably due 
to the close proximity of the 4q telomere (about 50 
kb) (Altherr, personal communication) and, likely, 
the presence of subtelomeric repeats. However, 
the region containing the 3.3-kb repeated units, as 
well as more upstream sequences, have been  
cloned into YACs and cosmids.24,27
Different techniques are currently available for 
the isolation of transcribed sequences using cosmid 
clones as starting material, such as screening cDNA  
libraries with complete cosmid inserts, cDNA selec­
tion, and exon trapping. In the cDNA selection 
strategy, the cDNA itself serves as a probe that will 
be hybridized to cosmid DNA. A great advantage 
o f cDNA selection, as compared to for instance 
exon trapping, is the generation of genuine cDNA  
probes during the selection procedure. In the 
present study, cDNA selection was applied to a 
100-kb cosmid contig, covered by four overlapping 
cosmids. This contig contains the tandem repeats 
and 75 kb o f upstream sequences. Using two dif­
ferent pools o f cDNA, a total o f 150 putative 
cDNA clones was obtained. These clones as well as 
some genomic subclones were analyzed by DNA
sequencing, and by hybridization to Southern and 
Northern blots for the identification of single copy 
and/or evolutionary conserved sequences and tran­
scripts. The FSHD gene region was found to con­
tain highly repetitive sequences as well as low copy 
sequences. Several putative cDNA clones hybridiz­
ing to these low copy sequences were found to 
originate from non-4q35 loci. This property of the 
FSHD region complicates cloning the FSHD gene,
MATERIALS AND METHODS
Cosmid Contig. A contig of four overlapping 
cosmids from the FSHD region was analyzed. This 
cosmid contig spans 100 kb, and includes cY3, 
cY34, and cY13, which were previously isolated 
from a library generated from YAC 25C2E  
(D4S1093),27 and cosmid c49} which was isolated 
from a chromosome 4 cosmid library.23 EcoRl and 
Kpnl restriction maps of each cosmid were avail­
able (Fig. 1).
cDNA Selection. cDNA selection was performed 
as previously described.6,11 Hybridizations to the 
cosmids cY3, cY34, c49, and cY13 were performed 
using two different human cDNA pools: (1) tissue 
mix: total RNA of liver, lymphoblasts, fibroblasts, 
bone marrow, and intestine and poly A + RNA or
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FIGURE 1. Top: the map with loci from the FSHD linkage group on 4q35 is shown. Below: the EcoRl (E) and Kpnl (K) restriction 
maps of the four overlapping cosmids cY3, cY34, c49, and cY13. The locations of several genomic clones and the putative cDNA 
(LCD) clones in the contig are shown above and below the restriction maps, respectively. The fragment sizes are given in 
kilobases. The 2.2-kb EcoRl fragment is indicated by a hatched box.
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fetal liver; and (2) brain mix: total RNA of frontal 
cortex and poly A + RNA of fetal brain. The eluted 
cDNAs were amplified using primers containing 
an iictfRI site, which facilitated cloning into the 
jEcoRI site of the vector pBluescriptll/KS. Initially, 
all clones were hybridized to randomly primed 
cDNA (prepared from total human RNA) to detect 
and eliminate clones with highly repetitive se­
quences. Probes were prepared from plasmid in­
serts, which were obtained by digestion of plasmid 
DNA with EcoRl or by PCR.
Analysis of Putative cDNA (LCD) Clones. All LCD
(Leiden cDNA) clones were initially mapped back 
to the parental cosmids cY3, cY34, c49, and cY13 
by hybridization of the EcoRl inserts to Southern 
blots containing EcoRl and Kpnl digests of each 
cosmid (1.5 fig/lane). Subsequently, positive clones 
were sequenced and analyzed for: (1) single copy 
sequences by hybridization to Southern blots with 
total human DNA digested with several restriction 
enzymes (7 fxg/lane); (2) evolutionary conserved se­
quences by hybridization to “Zoo” blots containing 
EcoRI-digested DNA from several animals like 
Rhesus or Macaque monkey, cow, and mouse (10 
fxg/lane); and (3) 4q35 origin by hybridizations to 
chrom osom e 4 -sp ecific  somatic cell hybrids 
HHW416 (kindly provided by Dr. Altherr) and
GM11687 (NIGMS Human Genetic Mutant Cell 
Repository) (20 fxg/lane) or to Y25C2E. Digestions 
were carried out with restriction enzymes of Phar­
macia using recommended conditions. Inserts 
were labeled with a 32P-dCTP,3 using the mul­
tiprime DNA labeling system (Amersham). Hy­
bridizations were carried out for 16 h at 65°C as 
described.2 The filters were washed at 65°C and to 
a stringency of 0.3 x SSC/0.1% SDS for cosmid 
and total human DNA blots and of 2 x SSC/0.1% 
SDS for “Zoo” blots, followed by autoradiography 
for 1—16 h at — 70°C using Konica AX film with an 
intensifying screen.
Sequence Analysis. Large parts of genomic se­
quence were obtained by subcloning the 2.2-kb, 
8.5-kb, and 6.5-kb EcoRl fragments just centro- 
meric to the repeated units (Fig. 1). All genomic 
subcloning was performed in the pBluescriptll/KS 
vector.
Sequence reactions were carried out according 
to the dideoxy method,12 using a T7Sequencing Kit 
(Pharmacia) and the universal and reverse M l3-20 
primers. Genomic and cDNA sequences were com­
pared and analyzed by the DNAsis Computer Pro­
gram V5.04. Homology searches were done using 
the computer program FASTA.10 GRAIL (Gene 
Recognition and Analysis Internet Link)15 was 
used for the prediction o f coding sequences.
cDNA Libraries. Several cDNA libraries were an­
alyzed: (1) human skeletal muscle (\ZAPII, Strat- 
agene); (2) human fetal brain; (HL1065b, Clon- 
tech); (3) human placenta; (HL1008, Clontech); 
and (4) human fibroblast (kindly provided by Dr. 
Maassen, Leiden). For each library 5 x 105 plaque- 
forming units were screened using several LCD 
clones as probes. Positive plaques were picked, sus­
pended in SM buffer, and rescreened twice before 
further analysis.
Northern Blot Analysis. Northern blots were pre­
pared containing poly A + RNA (2 fig/lane) and/or 
total RNA (10 |jug/lane) of several tissues from a 
Rhesus monkey (brain, kidney, spleen, shoulder 
muscle, upper leg muscle, heart, cerebellum, and 
liver), as well as mRNA from human lymphocytes 
and muscle. Total RNA was isolated as previously 
described.1 mRNA isolation was performed using 
the PolyAtract mRNA Isolation  Systems kit 
(Promega). Hybridizations were carried out for 16 
h at 65°C as described.2 The blots were washed at 
65DC and to a stringency of 2 x SSC/0.1% SDS.
RESULTS
Isolation and Initial Characterization off LCD Clones.
The cosmid contig in the FSHD region is com­
prised of cY3~-cY34-c49-cY1323,27 and spans 100 
kb. The entire region was screened for the pres­
ence of transcribed sequences using the cDNA se­
lection strategy.6,11 The isolated clones, denoted 
LCD (Leiden cDNA), were initially hybridized to 
labeled human cDNA, prepared from total RNA, 
to eliminate clones containing highly repetitive se­
quences. Some 150 clones with an average insert 
size of 650 bp were subsequently analyzed by 
Southern blotting using the parental cosmids as 
probes. A total of 48 clones showing strong hybrid­
ization signals were further studied (Fig. 1).
The inserts of the LCD clones were hybridized 
to EcoRl- and Jtynl-digested cosmid DNA. Figure 
1 shows that these clones are randomly distributed 
across the cosmids, with the exception of three 
clusters. One cluster is located on the 2.2-kb EcoRl 
fragment 22 kb centromeric of the repeats, the sec­
ond on a fragment just telomeric o f the repeats, 
and the third around the 9b6a locus on cY3, which 
is a partial copy of the 3.3-kb repeat.27 LCD 19, 68,
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113, and 302 appeared to map to multiple restric­
tion fragments, suggesting that they contained ei­
ther several exons or repetitive sequences. Most 
clones were also hybridized to total human DNA. 
Despite the initial screening against repeats, some 
LCD clones still contained highly repetitive se­
quences (LCD 19, 57, 59, 67, 127, and 323). Gen­
uine single copy probes could not be obtained. 
Hence, 26 low copy clones (about 4-10 copies) 
showing relatively simple hybridization patterns 
were selected for subsequent analysis.
LCD clones were hybridized to chromosome 
4—specific somatic cell hybrids (HHW416 and 
GM11687) or to the YAC 25C2E. The hybridiza­
tion pattern on chromosome 4-specific DNA was 
compared to the complex hybridization pattern 
generated by the LCD clones on Southern blots 
containing total human DNA. Each of the LCD 
clones 2, 10, 21, 51, 64, and 83 generated appro­
priate unique bands, indicative of a chromosome 4 
origin. All other clones, in particular the clones 
located just centromeric o f the 9b6a locus on cY3, 
showed a prominent non-4q35-specific hybridiza­
tion pattern. These clones are homologous to the 
FSHD candidate region, but are probably derived 
from homologous loci outside the cosmid contig,
As previous mapping studies had indicated the 
target region to show considerable homology to 
several other chromosomal regions, sequence data 
of the LCD as well as the corresponding genomic 
clones were generated to identify the most homol­
ogous LCD clones. In particular, large parts of the
2.2-kb, 8.5-kb, and 6.5-kb EcoRl fragments (Fig.
1), which are located just proximal to the repeated 
units on cosmid c49, were sequenced. Of ten LCD 
clones mapping to these EcoRl fragments, the per­
centage of homology ranged between 80% and
97%. LCD clones 21, 60, 64, 72, 80, and 83 show 
the highest homologies o f  97%, 91%, 96%, 93%, 
93%, and 91%, respectively, over the entire insert. 
Hence, these clones could originate from 4q35. In 
addition, all LCD and genomic sequences were 
compared to sequences in the EMBL or Gen Bank 
data bases. Several clones show homology to repet­
itive sequences, such as LINE-1 and p-satellite se­
quences (Table 1). With the exception of LCD 60 
(see below), no other significant homologies were 
found.
The search for potential coding sequences was 
carried out by “GRAIL*’ (Table 1), and by testing 
the clones for evolutionary conserved sequences 
(Table 1). About 25% of the clones reveal con­
served sequences at nine distinct fragments. Inter­
estingly, clones 21, 60, and 83 show both evolution­
ary conservation, and the presence of an excellent 
or good exon as predicted by “GRAIL.”
Analysis of the 2.2-kb EcoRl Fragment. The gene 
search focused on the 2.2-kb £coRI fragment, be­
cause it contains the LCD clones 21, 60, and 83, 
which are highly homologous to the genomic se­
quence, evolutionary conserved, and coinciding 
with predicted exons (Fig. 2). Moreover, using the 
entire 2.2-kb EcoRl fragment as a probe, hybrid­
ization was detected in mouse, cow, dog, and 
chicken.
LCD 21 is a more specific probe than the entire
2.2-kb EcoRl fragment and was used to screen hu­
man cDNA libraries of skeletal muscle, placenta, 
and fetal brain. A placenta cDNA, clone CD25, 
with a length of 1800 bp was isolated and partly 
sequenced, showing 80% homology to the genomic 
sequence. CD25 detected highly conserved se­
quences in the monkey, cow and mouse (Fig. 3). 
However, no transcript could be detected in poly 
A + RNA of several monkey tissues. Both the rel­
atively low sequence homology to the 2.2-kb EcoRl 
fragment and the complex hybridization pattern 
on total human DNA hampered further studies 
with CD25.
LCD 60 was found to share a 96% homologous 
region of 86 bp with a skeletal muscle cDNA clone 
(HSBB8H051, accession no. Z28907), which was 
isolated by G^nethon in a random sequencing 
project (“The Genexpress cDNA Program”). Inter­
estingly, this clone itself showed high homology 
(94%) to another, larger cDNA clone isolated by 
Genethon HSB11B021, accession no, Z19285 (Fig.
2). Using primers based on the sequence of clone 
HSB11B021, a 235-bp product o f the predicted 
size was obtained by PCR from a skeletal muscle 
cDNA library. This product, B 021, detected a 9-kb 
transcript in poly A + RNA of monkey shoulder 
muscle (Fig. 4a). However, B021 did not hybridize 
to Y25C2E and HHW416 DNA (Fig. 4b), suggest­
ing that the transcript did not originate from 4q35. 
Subsequent analysis of a single chromosome cell 
hybrid mapping panel (kindly provided by Dr, 
Spurr) allowed the localization of B021 to chromo­
some 8.
DISCUSSION
The cDNA selection method is a simple, rapid, and 
effective tool for the generation of a regional tran­
scription map.11,14 When pools of cDNAs are uti­
lized, transcripts can be detected originating from 
different tissues within a single experiment. The 
main advantage of this method is the immediate
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Table 1. List of putative cDNA clones in the FSHD gene region.
LCD Insert Genomic Hybridization Evolutionary 4q35 Predicted Significant
clone length (bp) homology* patter n f conservation origin^ exons§ homologies1
2 475 84% low — + —
10 400 88% low NT —
19 750 high NT NT — LINE 1
21 625 97% low + / — + E
23 780 83% low NT — G
51 800 88% low + —
53 500 low — — —
57 700 50% high NT NT psat
59 425 65% high NT NT — (3 sat
60 950 91% low ■+ + / - G HSBB8H051
HSB11B021
64 655 96% low — + —
67 850 high — — — LINE 1
68 925 low — — ***
72 500 93% low — + / — —
80 350 93% low + + / - —
81 850 87% low — NT G
83 600 91% low — + E
104 600 low + +7 — —
113 1000 low + — —
117 550 low NT NT —
118 600 84% low NT NT E, G
120 585 low NT NT —
127 650 high NT NT —
128 800 low + + / — —
129 450 87% low + NT G
302 600 74% low — — —
320 450 85% low + — G (CA)n
323 500 53% high NT NT — psat
328 800 90% low — ■i«* — (CA)n
331 400 55% low NT NT —
332 550 51% low NT NT —
340 700 84% low + — G
NT -  not tested.
* Percentage of homology of the LCD clone to the genomic sequence.
fLow  copy (4-10 loci) or high copy hybridization pattern on digested total human DNA.
$Hybridizations to chromosome 4-specific DNA (HHW416, GM11687, Y25C2E).
§Sequence analysis by GRAIL.
1More than 80% homology over more than 100 bp to sequences in EMBL or Genbank data bases.
availability o f cDNA clones without screening 
cDNA libraries. However, the method is depen­
dent on selecting the appropriate tissue expressing 
the gene of interest at a suitable level.
Using cDNA selection, a cosmid contig span­
ning 100 kb of the FSHD gene region was screened 
with cDNA from the frontal cortex, fetal brain, 
liver, lymphoblast, fibroblast, bone marrow, intes­
tine, or fetal liver. Some 150 LCD clones were iso­
lated, which were distributed across all four over­
lapping cosmids- All clones were evaluated by 
hybridization to total human DNA, YAC DNA, 
cosmid DNA, and somatic cell hybrid DNA con­
taining chromosome 4 only. Further, evolutionary 
conservation of most clones was investigated, and 
sequences were tested for homology using se­
quence databases (Table 1). Strikingly, none of the
putative cDNA clones was single copy. A total of 26 
clones showed a low copy hybridization pattern, 
and 9 of those were evolutionary conserved. The 
most promising LCD clones mapped to the 2.2-kb 
EcoRl fragment, 22 kb upstream o f  the 3.3-kb re­
peated unit. However, independent evidence for 
transcribed sequences originating from this frag­
ment was not obtained.
The difficulty o f  isolating cDNA clones derived 
from 4qter seems to parallel the observation that 
the FSHD gene region shows homology to several 
other chromosomal regions. For instance, in FISH 
experiments, cosmids from this region show cross­
hybridization to several different chromosomes
like lq l2 , 10q26, 13pl2, 14pl2, 15pl2, 21pl2,
and 22p l2 .5,23 Likewise, probe p l 3 E - l l  recognizes 
several loci.23 Recently, one o f  these loci was
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FIGURE 2. Location of LCD clones within the 2.2-kb EcoRl fragment. Sequence analysis by GRAIL revealed three exons, 
indicated by open boxes (E: excellent exon; G: good exon). CD25, isolated from a placenta cDNA library, is indicated by the 
dashed line. The Genethon cDNA clone HSBB8H051 (open box) shows a 96% sequence homology to the distal part of LCD 60; 
another cDNA clone of Genethon, HSB11B021, shows a 94% homology to the proximal part of HSBB8H051. The arrows indicate 
the primers used to generate clone B021 (235 bp).
mapped to lOqter (Bakker et al., this issue). These 
observations could imply that any gene in this re­
gion is a member of a gene family, which is dis­
persed throughout the genome. For this reason, 
genomic sequences were generated to efficiently 
check the authenticity o f the LCD clones. Al­
though 16 of 22 LCD clones showed a homology of
2.2 kb
cRj
E
x
CD
co
CDWZJ
o
V/V ‘ i ' •
FIGURE 3. Hybridization pattern of the placenta cDNA clone 
CD25 on a “Zoo’' blot containing EcoRI-digested DNA of hu­
man, monkey, cow, and mouse.
more than 80% to the genomic sequence, we have 
not been able to isolate clones from cDNA libraries 
which map to the FSHD region using these LCD 
clones as probes. However, since it is not known 
where, when, and how the putative FSHD gene is 
expressed, the region under investigation cannot 
be unambiguously excluded to harbor the FSHD 
gene. More sensitive mRNA detection or expres­
sion independent techniques, such as RT-PCR 
and exon trapping respectively, may have to be 
applied to detect rare or transiently expressed 
transcripts.
An alternative explanation for our results is 
that the cDNA selection was biased yielding pref­
erably low copy repetitive sequences. To investi­
gate whether the absence of single copy probes was 
due to an inherent property of the cosmid contig, 
CY34 was subcloned as random &mIIIA frag­
ments. Thirty clones were tested, showing similar 
properties as the LCD clones. This indicates that 
the cosmid itself is indeed devoid of real single 
copy sequences.
Other investigators focused on the 3.3-kb re­
peated unit.5,26 The DNA rearrangements, which 
are due to deletions of an integral number of this 
repeated unit,19 suggested that the FSHD gene 
could be disrupted through a structural trunca­
tion. Despite considerable efforts, no transcrip­
tional activity has been found in these repeats.5,26 
However, the structure and vicinity to the telomere 
of this region opens the possibility that the dele-
S24 FSHD Gene Search on 4q35 Using cDNA Selection MUSCLE & NERVE Supplement 2 1995
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FIGURE 4. (a) Hybridization pattern of clone B021 to a North­
ern blot containing total RNA as well as poly A + DNA (indi­
cated by “ +  ”). A 9-kb transcript was detected in the lane with 
poly A * RNA isolated from the shoulder muscles of a Rhesus 
monkey, (b) Hybridization of B021 to digested human, YAC 
25C2E, or somatic cell hybrid HHW416 DNA, B021 detects a 
single fragment In human DNA but does not hybridize to 
chromosome 4~specific DNA.
tions have an effect on the transcription, rather 
than on the structure of the FSHD gene. It is pos­
sible that such a position effect may act over a 
longer distance than was anticipated in this study. 
The availability of a much larger cosmid/YAC con­
tig, than was used so far, allows extending the gene
search to a region of several megabases in the cen- 
tromeric direction.
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